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Abstract. Background: Decreased global DNA methylation
have been previously shown in A549 cells exposed to prolonged
hyperoxia. Because hyperoxia induces growth arrest in these cells,
whether the status of global DNA methylation changed in
response to cellular growth arrest was of interest. Materials and
Methods: A549 cells were growth arrested at either the S- or
G2/M-phase of the cell cycle by exposure to resveratrol (25 ÌM),
or colcemid (0.1 Ìg/ml) for 24 h. In addition, to determine the
kinetics of hyperoxia-induced growth arrest, cells were exposed to
either 1 day of normoxia or 1-5 days of hyperoxia. Results: The
data indicate hyperoxia-induced G2/M growth arrest after day 2
of exposure onwards. Moreover, 66.5% of cells were synchronized
at the S-phase after exposure to resveratrol and 97% of them at
the G2/M-phase after exposure to colcemid. No changes in global
DNA methylation status were observed in cells synchronized at
either phase of the cell cycle. Conclusion: These findings indicate
that global DNA methylation in A549 cells is not determined
primarily by hyperoxia-induced cell cycle growth arrest.
The term hyperoxia refers to partial pressures of oxygen
well above that to which any tissue is normally exposed.
These are used for preterm neonates with respiratory
distress that are in life-saving mechanical ventilation with
high inspired oxygen concentrations, which is considered a
major risk factor for the development of bronchopulmonary
dysplasia. However, such an environment can cause toxicity,
in part, by excess production of reactive oxygen species
(ROS) that overwhelm the defense mechanisms responsible
for their metabolism and inactivation [for review see (1)]. 
Reactions involving the transfer of methyl groups are
essential to cellular biochemistry. For example, DNA
methylation reactions involve the covalent addition of a
methyl group to the 5-position of the cytosine ring, thus,
generating a 5-methylcytosine molecule [for review see (2-
5)]. About 3-5% of all cytosine residues exist as 5-
methylcytosine molecules in mammalian genomic DNA, and
about 70% of the 5-methylcytosine content is found within
CpG dinucleotide sequences (6). Increased DNA
methylation has been observed both in cancer (7) and
immortalized cells (8) that can cause inactivation of tumor
suppressor (9) and growth-controlling genes (10). Recently,
we have shown that when A549 cells were exposed to 95%
O2 (hyperoxia), decreased global DNA methylation
(hypomethylation) was observed late at day 5 of exposure
(11). To examine if such DNA hypomethylation is a function
of hyperoxia-induced cell cycle arrest, A549 cells were
growth-arrested either at the S-phase or at the G2/M-phase
of the cell cycle by exposure to resveratrol (25 ÌM), or
colcemid (0.1 Ìg/ml), respectively. Our results provide
evidence that global DNA methylation status remains
unaffected by cell cycle growth arrest in a human epithelial-
like (A549) cancer cell line.
Materials and Methods
Cell culture. A549 lung epithelial-like carcinoma cells were
purchased from ATCC (Manassas, VA, USA) and were grown in
100-mm Falcon tissue culture dishes in the presence of 10 ml F-12K
media (GIBCO BRL, Life Technologies, Grand Island, NY, USA)
supplemented with 10% FCS (fetal calf serum) at 37ÆC, in a 21%
O2, 5% CO2 incubator. Cell cultures were passaged by
trypsinization and sub-cultured at a plating density of 500,000 cells
per plate. After 24 h, the cultures were given 10 ml of fresh media
and placed either at 37ÆC, in a 21% O2, 5% CO2 incubator for 1
day (normoxia or room air exposure) or in a Plexiglas box, sealed
and gassed with 95% O2/5% CO2 for 20 min for 1-5 days
(hyperoxia). Because of the cellular growth arrest in hyperoxia and
in order to ensure equal cell number throughout exposures, 1 day of
normoxia was the appropriate control for all hyperoxic exposures.
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For experiments involving challenge with colcemid (0.1 Ìg/ml) and
resveratrol (25 ÌM) for 24 h, cells were trypsinized and plated in
100-mm dishes at a density of 350,000 cells per plate. 
[3H] Methyl group incorporation assay for the detection of global
DNA methylation. Genomic DNA was isolated using the Wizard
Genomic DNA Purification Kit (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. Assessment of
random DNA methylation status was accomplished using the
[3H] methyl group incorporation assay. Genomic DNA was
incubated with [3H] methyl S-adenosylmethionine in the
presence of SssI methylase. The reaction mixture contained 0.5
Ìg genomic DNA, 3U Sss I methylase (New England Bio-labs,
Beverly, MA, USA), 3 Ìl [3H] methyl S-adenosylmethionine
(399.6GBq/mmol, 20.35GBq/L; New England Nuclear, Boston,
USA), 3 Ìl 10 X NEB buffer (New England Bio-labs) and
sterile water to a total volume of 30 Ìl. Each sample was
processed in duplicate and included all reaction mixture
components except DNA. The reaction mixture was incubated
at 30ÆC for 1 h and immediately placed on ice for 5 min. To
validate the experiment, two negative controls were used. In the
first (Figure 2A; second column), 10 Ìg genomic DNA from
A549 cells were methylated in vitro in the presence of 160 ÌM of
S-adenosylmethionine (New England Bio-labs), 20 U of SssI
methylase (New England Bio-labs), 1 X NE Buffer 2 (New
England Bio-labs; 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2,
1 mM dithiothreitol at pH 7.9) and dH2O added to provide a 50 Ìl
reaction volume. The mixture was incubated for 2 h at 37ÆC. For
the second control (Figure 2A; 3rd column), DNA was bisulfite-
modified using the EZ DNA Methylation Kit (Zymo Research,
Orange, CA, USA) according to the manufacturer’s protocol.
Fifteen Ìl were loaded onto Whatman DE 81 ion exchange filter
paper (Fisher Scientific, Fair Lawn, NJ, USA). Filters were
washed 3 times (5 min each time) with 0.5 M phosphate buffer
(pH 8.0), once with 70% ethanol for 5 min and once with 100%
ethanol for 5 min. All washing steps were performed at room
temperature. To assess background levels of DNA methylation
(Figure 2A; 4th column), samples that included all reaction
mixture components except SssI methylase were employed. At the
end of the experimental protocol, filters were dried at room
temperature and then placed in liquid scintillation vials with 10
ml scintillation fluid (Fisher Scientific). Samples were analyzed
using a Beckman scintillation counter (model # LS 6000SC;
Beckman Instruments, Fullerton, CA, USA), and values were
expressed as counts per minute (cpm).
Flow cytometry and cell cycle analysis. Room air and hyperoxia-
exposed cells or resveratrol- and colcemid-challenged cells were
trypsinized and centrifuged at 1,000 rpm for 5 min at room
temperature (RT). The cell pellet was washed twice in PBS and
then fixed in 75% ethanol for 24 h at –20ÆC. Fixed cells were
incubated in 1 ml PBS containing 1 mg/ml RNase and 20 Ìg/ml
propidium iodide for 30 min at RT. At the end of the incubation
period, cells were analyzed with a FACS CALIBER flow cytometer
(Coulter, Hialeah, FL, USA) operated by Coulter’s System II
software and incorporating an argon laser (488-nm, 15 mW) for
excitation. Propidium iodide fluorescence was assessed in FL3
(670-nm band-pass filter). The distribution of cells at each phase
of the cell cycle was performed with the use of MOD FIT II
software (Verity Software House Inc, ME, USA).
Determination of cytotoxicity. Cytotoxicity was assessed with the
trypan blue exclusion method. Briefly, 10 Ìl of 0.1% trypan blue
solution were added to 10 Ìl of cells suspended in growth medium.
Cells that excluded the dye were counted with a hematocytometer. 
Statistical analysis. All calculations were performed using the JMP
software (SAS Institute, NC, USA). Means were compared by one-
way ANOVA with Tukey’s test for multiple comparisons. A p-value
of 0.05 was considered significant. 
Results and Discussion
The cell cycle analysis of A549 cells revealed a progressive
increase of the percentage of cells at the G2/M-phase in
hyperoxia (after day 2 onwards) as compared to the
normoxia-exposed cells. Moreover, both at the G0/G1- and
the S-phases the percentage of cells decreased as time of
hyperoxic exposure increased (Table I). In another set of
experiments, resveratrol and colcemid were used to arrest
the growth of the A549 cells at the S- and G2/M-phases of
the cell cycle, respectively. Resveratrol is a phenol
compound found in grapes and wine and known to cause
accumulation of cells at the S-phase (14), whereas colcemid
is a mitotic spindle-disrupting agent causing cells to
accumulate at the G2/M phase of the cell cycle (15). When
the A549 cells were challenged for 24 h with resveratrol (25
ÌM), growth arrest in the S-phase was observed for 66.5% of
the cells (±5.3%) [Figure 1A (ii)], whereas similar conditions
with colcemid (0.1 Ìg/ml) treatment showed retention in the
G2/M-phase for 93.0% of the cells (±1.2%) [Figure 1A (iii)].
Despite the somewhat lower yield of cells synchronized at
the S-phase (compared to the G2/M-phase), our data is in
agreement with that of others showing that treatment with
cisplatin and gemcitabine synchronized 65% of A549 cells
and 50% of normal human bronchial epithelial cells at the
S-phase, respectively (16). Meanwhile, under control
proliferative conditions, almost 50% of cells were found at
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Table I. Cell cycle analysis of A549 cells exposed to room air and
hyperoxia. 
G0/G1-phase G2/M-phase S-phase
1d at 21%O2 43.7%±0.93% 6.2%±0.34% 50.1%±0.75%
1d at 95%O2 44.0%±1.20% 6.1%±0.80% 49.9%±1.00%
2d at 95%O2 40.4%±0.20% 13.5%±1.10%* 46.1%±1.30%
3d at 95%O2 38.8%±1.48% 29.4%±1.31%* 31.8%±5.88%*
4d at 95%O2 34.7%±1.19%* 30.0%±1.13%* 35.3%±0.23%*
5d at 95%O2 37.1%±1.13%* 28.1%±1.69%* 34.8%±0.56%*
A549 cells were exposed to either 21% O2, 5% CO2 incubator for 1d
(control) or in a Plexiglas box, sealed and gassed with 95% O2/5% CO2
for 20 min for 1-5 days (hyperoxia). Values are means±standard error
of the means. *=p<0.05 versus control A549 cells by one-way ANOVA
with Tukey’s test for multiple comparison; n=3 per group.
the G0/G1-phase and another 35% at the S-phase. Finally,
a remaining 14% of cells were found at the G2/M-phase
[Figure 1A (i)]. At these concentrations, no cytotoxicity was
observed using the trypan blue exclusion method (Figure 1B). 
The [3H] methyl group incorporation assay utilizes the
methylation-sensitive enzyme, SssI, otherwise known as CpG
methylase. In the presence of [3H] S-adenosylmethionine
(SAM), the enzyme transfers methyl groups from SAM to
unmethylated cytosines at the 5-position in DNA (12-13).
To verify incorporation of the [3H] methyl groups, the
genomic DNA isolated from A549 cells grown under control
conditions (37ÆC, in a 21% O2, 5% CO2 incubator) was
subjected to the assay. In addition, two negative controls
were used to validate the assay. First, DNA was methylated
in vitro and then used as a substrate for the methylase. Since
all cytosines are methylated, there should be only a few
unmethylated sites remaining and, thus, limited incorporation
of methyl groups. Second, DNA was treated with bisulfite to
convert unmethylated cytosines to uracil. Therefore, there
should be no cytosines left to function as acceptors for the
transfer of methyl groups when subjected to the assay.
Indeed, both negative controls (Figure 2A, second and third
columns) showed levels of DNA methylation comparable to
background (reaction mixture without the addition of the
methylase) (Figure 2A, fourth column), whereas the positive
control (Figure 2A, first column) exhibited a high degree of
[3H] methyl incorporation, thereby validating the assay. 
In order to investigate the effect of hyperoxia-induced
growth arrest in global DNA methylation, we observed that the
level of [3H] methyl group incorporation in control
proliferative cells was the same (15,205.0±1,479.3 cpm) as was
observed with resveratrol (12,202.5±804.9 cpm) and colcemid
(14,276.75±1,135.8 cpm) (Figure 2B). This indicates that levels
of methylation did not change during growth arrest of A549
cells at S- and G2/M-phases of the cell cycle. Finally, DNA
methylation levels were significantly reduced in control cells
that were methylated in vitro and, thus, under high methylation
conditions (1,687.3±157.5 cpm) (Figure 2B; positive control). 
Our results indicate that the previously observed DNA
hypomethylation (11) could not be the result of cell cycle
growth arrest. To conclude, while A549 cells were growth-
arrested in hyperoxia, global DNA methylation was unchanged.
Indeed, others have found that de novo methylation of CpG
islands required an active cell division machinery (17).
However, in our studies, growth arrest did not alter the basal
levels of global DNA methylation. To our knowledge, the
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Figure 1. A) Cell cycle analysis of A549 cells under each experimental condition. Data shows flow cytometric profiles of A549 cells exposed to: i) neither
of the compounds (control), ii) 25 ÌM of resveratrol and iii) 0.1 Ìg/ml of colcemid for 24 h. Values are means±standard error of the means; n=3 per
group. B) Cell toxicity profile of A549 cells under each experimental condition. A549 cells were exposed to neither of the compounds (control), 25 ÌM
of resveratrol or 0.1 Ìg/ml of colcemid for 24 h. Values are means±standard error of the means; n=3 per group. 
finding that hyperoxia-induced growth arrest does not alter
global DNA methylation has not been previously reported.
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